In-situ TiB 2 particle reinforced 7075 Al alloy was produced by molten salt method (LSM). The effects of TiB 2 content on the microstructure, the melting behavior and the viscosity of 7075 Al alloy were investigated. The experimental results have shown that the microstructure became uniform rosette grains and the grain size decreased with increasing TiB 2 particles. The morphology of grains became bigger with dendritic structure when the TiB 2 particles content is more than 4.5% . The liquidus and solidus temperatures of the TiB 2 /7075 composites were rstly increased and then decreased with the increase of the content of TiB 2 particles. The semisolid processing temperature window of 7075 Al alloy became narrow after adding TiB 2 particles, and the liquid fraction of TiB 2 /7075 composites with increasing temperature was more sensitive than 7075 Al alloy. The apparent viscosity of the 4.5%TiB 2 /7075 composite was the lowest among 3.0, 4.5 and 9.0%TiB 2 /7075 aluminum matrix composites respectively. The apparent viscosity of the 9.0%TiB 2 /7075 was less than that of 7075 alloy but was greater than that of 4.5%TiB 2 /7075 composite under the same conditions. The viscosities of the composites decreased sharply with increasing shear rate, and the change with the shear rate were more sensitive than that of the 7075 alloy.
Introduction
TiB 2 particles have been widely used in Al matrix composites as reinforcement and grain re ner. [1] [2] [3] [4] The in uences of reactive conditions such as reaction temperature and time, proportion of reactants and other alloying elements on the rening effect of TiB 2 particles. [5] [6] [7] [8] [9] [10] However, until now there has been no consensus on the exact mechanism for grain renement involving the addition of Al-Ti-B-based grain re ners.
Semisolid forming (SSM) was a near-net-shape forming technology for metals and alloys developed at MIT during the 1970s.
11) The key issue of semi-solid forming is how to fabricate the proper slurry containing the non-dendritic microstructure. Previous work showed that SSM processing was appropriate for 7075 Al alloy, including rheocasting 12, 13) and thixocasting [14] [15] [16] [17] . But the authors found the liquid fraction of the alloy was sensitive with increasing temperature, and not easy to stir the molten 7075 aluminum alloy because the dendrite grains of this alloy are fairly developed during the solidi cation process. 18) TiB 2 particles can play a role as the nuclei of heterogeneous nucleation and re ne the microstructure which will help prepare the semi-solid slurry. The effect of TiB 2 on the semi-solid microstructure of 7075 Al alloys in the rheocasting process and thixocasting was studied. 19, 20) But the effect of TiB 2 particles on as microstructure, liquid fraction and viscosity of composites which could effect in preparing of composite slurry was not clear until now. In the present study, the effects of TiB 2 content on the microstructure, the melting characteristics and the viscosity of the 7075 Al alloy were investigated.
Experimental
The chemical composition of 7075 alloy used in present study was Al-5.52Zn-2.36 Mg-1.51Cu-0.18Si-0.26Fe-0.15-Mn-0.25 Cr (in mass%). K 2 TiF 6 (mass >97%) and KBF 4 (mass >97%) mixture were put into the molten of 7075 alloy at 850 C. After stirring at the same temperature for about 30 min and degassing by using C 2 Cl 6 , the TiB 2 /7075 Al matrix composites were prepared. The molten of TiB 2 /7075 Al composites and 7075 Al alloy at 720 C were casted in a graphite mould with a diameter of 15 mm respectively.
The liquidus and solidus temperatures of the alloy were tested by NETZSCH Q100 differential scanning calorimetry (DSC), with heating speed of 5 C/min from 400 C to 660 C. The liquid fraction of 7075 Al alloy was calculated by the proportion of area percentage of peak at different temperatures in DSC curve (as shown in Ref. 21) ). XRF-1800 X-ray diffraction (XRD) analysis was carried out with a Rigaku diffractometer using CuK α radiation (40 kV/25 mA). After sanding and polishing, the specimens were etched in a solution of mixed acids (1 mL HF+1.5 mL HCl+2.5 mL HNO 3 +95 mL H 2 O). The microstructures of the alloy and composites were examined using ZEISS SUPRA55 scanning electron microscope (SEM) and CIKONG 4XCE optical microscopy (OM).
The viscosities of 7075 Al alloy and TiB 2 /7075 composites were measured by CR-Couette coaxial cylinder viscometer respectively, the schematic overview of the apparatus is given in Fig. 1 . The 7075 alloy and the TiB 2 /7075 composites were melted in the graphite outer cylinder then cooled to the desired temperature with cooling rate of 4 C/min, and nally sheared respectively. The shear rates were 30.6, 244.9 and 489.9 s −1 respectively. Argon gas was continuously supplied to protect the melts against oxidation during the experiment. Figure 2 shows the microstructures of 7075 Al alloy, 3.0% (in mass, similarly hereinafter), 4.5%, 6.0% and 9.0%TiB 2 /7075 composites after pouring into the graphite mould at 720 C. The 7075 Al alloy is mainly composed of the dendrite grains, and the maximum grain size is about 250 μm. After adding TiB 2 , the microstructure becomes uniform rosette grains and the mean grain size decreases with increasing of TiB 2 particles. The mean grain size of 3.0% and 4.5%TiB 2 /7075 composites could reach 68.8 μm and 49.9 μm respectively. However, the morphology of grains became bigger dendrite grains after adding 6.0%TiB 2 . Although 9.0%TiB 2 /7075 Al matrix composite is even also mainly composed of the dendrite grains, the grain size is smaller than 6.0%TiB 2 /7075 Al matrix composites.
Results and Discussion

Effect of TiB 2 particles on microstructure of the ascast 7075 Al alloy
The XRD pattern and linear scanning of grain boundary of 3.0%TiB 2 /7075 composites are listed in Fig. 3 . It can be seen that the microstructure is consisted of Al and TiB 2 phases. No other phases were found in the composite. At the same time, the peak intensity of TiB 2 became stronger with increasing TiB 2 content. Figure 4 shows the SEM images of as-cast 7075 Al alloy and TiB 2 /7075 composites. The majority of the TiB 2 particles in the settled layer appear to be located on α-Al grain boundaries, however, small agglomerates of TiB 2 particles could be found in the grains of 6.0% and 9.0%TiB 2 /7075 composites respectively. The micrograph of TiB 2 particles in the TiB 2 /7075 composites was illustrated by the secondary electron image, as shown in Ref. 20) . Most of the TiB 2 particles reached about 900~1400 nm in 3.0%TiB 2 /7075 composites, even individual up to 2000 nm. Large size of TiB 2 particles were distributed in grain boundary area, and a large number of scattered small TiB 2 particles with size of 100~400 nm were irregular polygon near the boundary inside the nucleus in 9.0%TiB 2 /7075 composites because tiny TiB 2 particles were engulfed easily in the interface.
Quested 22, 23) also found the same tendencies that the grain size of Al matrix composites decreased at rst and then grew up again with decreasing of the average diameter of TiB 2 particles, but the minimum grain size and its corresponding size of TiB 2 particles were different. Particles that were larger than ~1 μm were mostly active, while smaller than ~0.5 μm were mostly inactive. Lakshmi also found that the grain size varied from 73.58 μm to 12.75 μm, and then to 23.11 μm with the increase of a reaction holding time. At the same time, the average size of TiB 2 particles also varied from 0.57 μm to 0.43 μm, and then to 0.53 μm.
24) Dieter thinks it can be attributed to the coupled effects of the weight percentage of TiB 2 , the size of the TiB 2 and the α-Al grain in the matrix. It may be noted that for a given particle size, an increase in weight percentage will increase the number of particles. 25) Similarly for a given weight percentage, a decrease in particle size will increase the number of particles. Thus, it can be corroborated that the decrease in grain size is due to the coupled effects of the increase in the weight percentage of TiB 2 and the decrease in the size of the TiB 2 . However, a signi cant increase in the grain size may be attributed to the coupled effects of a decrease in the weight percentage of TiB 2 in the Al and the increase in the size of the TiB 2 . Figure 5 shows the DSC curve and the liquid fractions (f L ) of 7075 Al alloy and TiB 2 /7075 composites as a function of temperature respectively. The liquidus and solidus temperatures of 7075 Al alloy are 637.67 C and 474.96 C respectively. But those of TiB 2 /7075 composites are rstly increased and then decreased with the increase of-TiB 2 content. The minimum liquidus temperature of TiB 2 /7075 composites is bigger than that of 7075 Al alloy. One can see that the gap between the liquidus and solidus temperatures of 7075 Al alloy is about 162.71 C. The maximum and the minimum temperature difference of composites were 63.96 C and 47.89 C respectively, the gap are only about a third of the 7075 Al alloy. That means, the semisolid processing temperature window of 7075 Al alloy become narrow after adding TiB 2 particles.
Effect of TiB 2 particles on the melting behavior of 7075 Al alloy
The liquid fraction of 7075 Al alloy and its composites as a function of temperature was calculated and shown in Fig. 5(f) . It suggests that the liquid fraction of 7075 Al alloy is sensitive with increasing temperature. The solid fraction of the alloy is about 77.3% at 600 C, but the solid fraction decreases to 54.5% when the molten alloy temperature increases to 620 C. The solid fractions (f s ) of 3.0%, 4.5%, 6.0% and 9%TiB 2 /7075 composites are about 99.8%, 94.9%, 97.9% and 95.5% at 600 C respectively. The data are about 74.5%, 71.1%, 79.0% and 76.6% at 620 C respectively. That means, the liquid fractions of TiB 2 /7075 composites as function of temperature are more sensitive than that of 7075 Al alloy. Tables 1-3 show the apparent viscosities of 7075 Al alloy and TiB 2 /7075 composites with shear rate at 30.6, 244.9 and 489.9 s −1 respectively. One can see that the apparent viscosity of the 4.5%TiB 2 /7075 composite is the lowest among those slurries. That of the 9.0%TiB 2 /7075 is less than that of 7075 alloy but is greater than that of 4.5%TiB 2 /7075 composite under the same conditions. The viscosities of the composites decrease sharply with increasing shear rate, and the change with the shear rate are more sensitive than that of the 7075 alloy.
Effect of TiB 2 particles on the viscosity of 7075 Al alloy at semi-solid state
The effects of the in-situ TiB 2 particles and shear rate on the apparent viscosity may be attributed to the following factors. First, the addition of ceramic particles is effective for reducing the grain size and altering the dendritic morphology, which results in a signi cant lower apparent viscosity than that of the 7075 semi-solid slurry under the same conditions. Second, the agglomeration of near-spherical grains could be broken easily at low force and yield a more effective liquid fraction. Third, the in-situ TiB 2 particles are effective for preventing contact of adjacent dendritic particles. 26, 27) Thus, the 28) observed the uidity did not show a unique relationship to grain re nement in the alloys investigated. Grain re nement additions with an AITi5B1 master alloy indicated a transition point at 0.12%Ti. Above this level, the uidity was improved with grain re nement, whereas it is impaired with titanium additions below 0.12%Ti. But some of the changes in the uidity observed with grain re nement can be related to the developing rheological properties of the material, such as coherency and strength, and to the increase in liquidus temperature with grain re nement, reducing the melt superheat and so on. So the viscosity does show a relationship to grain re nement and liquidus temperature in the TiB 2 /7075 composites.
With improved re ning effect of TiB 2 particles, the liquidus temperature increases and the apparent viscosity decreases. That is, TiB 2 particles are bene cial to the melt owing which is very important for semi-solid forming. However, the effect of re ning grains decreases when the particles are over a certain content, the liquidus temperature decreases and the apparent viscosity increases at the same time, which is bad for the semi-solid forming of 7075 Al alloy.
Conclusions
The results described in this work can be summarized as follows:
(1) The 7075 Al alloy was mainly composed of the dendrite grains, and the maximum grain size was about 250 μm. After adding TiB 2 , the mean grain size of 3.0% and 4.5%TiB 2 /7075 composites could reach 68.8 μm and 49.9 μm respectively. The morphology of grains became bigger dendritic structure when the TiB 2 particles content was over 4.5% . Larger TiB 2 particles were distributed in grain boundary area, and tiny TiB 2 particles were engulfed easily in the front of the solid-liquid interface and distributed in the grain.
(2) The liquidus and solidus temperatures of TiB 2 /7075 composites were rstly increased and then decreased with the increase of the content of TiB 2 particles. The semisolid processing temperature window of 7075 Al alloy became narrow after adding TiB 2 particles, and the liquid fraction of TiB 2 /7075 composites with increasing temperature was more sensitive than 7075 Al alloy.
(3) The apparent viscosity of the 4.5%TiB 2 /7075 composite slurry was the lowest among 3.0, 4.5 and 9.0%TiB 2 /7075 composite slurries. The viscosities of the composites decreased sharply with increasing shear rate and were more sensitive to that of the 7075 alloy. The increases of liquidus temperature and the decreases of apparent viscosity with improve re ning effect of TiB 2 particles.
